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SECTION I

INTRODUCnON

This report serves to document a multi-year effort that the Defense Nuclear Agency

(DNA) has had with the Oak Ridge National Laboratory (ORNL) in the area of

magnetohydrodynamic electromagnetic pulse (MHD-EMP) interaction with ground-based
facilities. The overall goal of this project was threefold: to develop a better understanding of

the effects on systems; to develop test concepts for the MBD-EMP (also referred to as E.)
environments and to devise proW.ztion methods and guidelines for MHD-EMP.

Under the provisions of this contract, a number of reports d menting different
aspects of this effort have been published. Reference (1] discusses MHD-EMP interaction
with the electrical power system and develops various calculational models for predicting the
levels of MHD-EMP-inducel currents in long lines. This reaferece also discues the similarity
between the E3 fields and the earth-induced E-fields arising from a solar storm and documents
observed effects on the power system during a recent storm.

Reference (2] continues with discussions of MEHDEMP effects on the electrical power

system, and discusses methods of mitigating the effects of this environment. In addition,
guidelines for testing facilities to determine the effects of MHD-EMP and to validate the
mitigation methods are discussed.

An e program for determining the behavior of electrical power distribution

tnformers was conducted under this effort, and is documented in [3]. This test illustrated
the saturation properties of distribution transformers, and presents data on the consequent
reactive power demand on generation equipment. A second exp menta program for

determining E3 effects on a large, ground-based facility is described in [4]. This test involved
injecting large quasi-dc currents onto the exterior of the facility and into the electrical power

system to observe possible effeCt.

In addition to these formal reports, three technical presentations have been nude which
stem from the work conducted under this effort. Presentations (5], (6], and (7] described the
work of refs. (1], [2], and [3], respectively.

In the present report, the important techniques, observations and conclusions f.om
these previous reports are summuarized. After this introduction, Section 2 briefly discusse: the



MHD-EMP environment used for these studies. As this effort was not chartered to develop

new MHD-EMP environments, the work of other investigators was used to obtain estimates of

the earth-induced E-fields. Much of the work performed in this study, however, is insensitive

to the details of the E3 environmental levels, since the results are quoted in a normalized

manner.

The various MHD-EMP interaction models developed and used in this study are
summarized in Section 3. Due to the low-frequency nature of the MI-D-EMP excitation

(typically below 1 Hz), these models essentially involve dc circuit modeling concepts.
Complications can arise, however, when electrically complex conducting structures, such as a
three-phase power line with a periodically grounded neutral conductor, are considered.

Section 4 summarizes the MHD-EMP testing issues that have been considered under
this effort. This includes the development of test concepts and recommendations, and the
results of actual E3 testing of facilities and transformers. A brief summary of the mitigation

measures appropriate for MHD-EMP are then presented in Section 5.

Section 6 concludes this report with a summary of the work and recommendations for
future work to resolve remaining issues.



SECTION 2

THE MHD-EMP ENVIRONMENT

2.1 GENERAL.

As discussed in ref. [8], the MHD-EMP or E3 environment arises from a variation of

the earth's magnetic field caused by a high-altitude nuclear detonation. The interaction of this

time-varying magnetic flux (B-field) with the imperfectly conducting ground causes a transient

electric field to be induced on the surface of the earth, in a manner analogous to that occurring

in a geomagnetic storm [9]. For a transient tangential B-field on the surface of a homogenous

earth, the corresponding electric field tangential to the earth is expressed as

E(t)=1 B(t')dt, (2-1)

-ýF=Fpat'

where a is the earth electrical conductivity and pi = 47r x 10-7 H/m is the permeability of the

soil [8]. As shown in Figure 2-1, the E- and B-fields are mutually orthogonal and are both

parallel to the earth's surface. The time variation of the resulting E3-field is much slower than

the early-time El HEMP environment. Typical waveform times for the MHD-EMP

environment are on the order of several hundreds of seconds.

Within the earth, a volume current density J(t) exists and is related to the electric field

within the earth as J(t) = a E(t). Both of these time domain quantities decay in amplitude and

become temporally smoother at locations deep within the earth. In the frequency domain, the

spectra of these quantities vary exponentially with depth into the earth as e-z/, where 8 is the

skin depth of the soil, defined as 8 = 1 / ý"fjlCr. If there are long conductors connected to the

earth at two or more points, or in continuous direct contact with the ground, a portion of this

earth-induced current can flow into the conductors. These induced currents have the potential

of disrupting electrical power systems and communications systems, and are the focus of this

study.

The E3 environment may be divided into two parts, based on the postulated

mechanisms of production [8]. The first part, for tf .ies between 1 • t < 10 sec, arises from the

initial nuclear burst and its interaction with the earth's magnetic field. This part is referred to as

the blast-wave component. At later times for 10 < t < 500 sec, a second contribution to the

geomagnetic field variation arises due to the late-time atmospheric heave.

3
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Figure 2-1. Orientation f the E- and B-fields at the earth-air Interface.

The preliminary E3 environment used in refs [8] and (10] for an MIRD-EMP
assessment of commercial power networks was based on early -mesurement of the
geomasnetic fluctuations measured on Johnston Island during the ?ishbowl test series. These
measurements were used in conjunction with the MICE compute code to provide a numercal
simulation of the time development of the disturbd atmosphere, as described in ref. [11].

Reent refinements in the theory of MHID-EMP production have led to an alternate
computer model for predicting the blast-wave environment [12]. In addition, there are some
preiminary results for the late-time heave component of the E3 environment. This work has
been used to develop an updated composite MhiD-EVP environment, which can be used to
estimate the behavior of induced currwts in long transmission and distribution lines, and has
been used in refs. (1] and [2] for studies of MHD-EMP effects on electrical power systems.

According to [12], a simplified way of viewing the early-time, blast-wave E3

environment is to consider a quasi-saic problem in which a magnetic dipole moment at the
burst point is used to represent a perturbation source for the geomagnetic field. This dipole is
oriented in a direction opposing the earths magnetic field. Below this dipole, at an altitude of
about 110 kin, is a conducting region, or patch, which is created by downward-streaming x-
rays from the detonation. For this model, the x-ray patch is assumed to be perfectly
conducting, with no penetration by the early-time magnetic field. However, the B-field from
the dipole moment does reach under the patch by flowing out around the ends of the patch and

4



reconnecting in the region between the patch and the grnMOd. In some of the MHD-EMP

iterature, this process is variously described as "propagtiioa" or -dirac"ion, but since these
are nominally high-frequrincy concepts and the MHD-&4P is quasi-stic in nature, the use of

these terms is avoided.

2.2 SIMPLIFIED MED-EMP ELECTRIC FIELDS.

For studies of E3 effects on systems, it is the E-Md that is of prime concern, and this
can be computed from Eq.(2-1), once the time and spatial var of the B-field is known.

Under the x-ray patch, the blast-wave E-field is observed to be smaller than outside this
shielded region. The field is oriented primarily in the wet-east direction and does not appear

to vary drastically with position. Outside the shielded region, the E-field appears to faHl off

with distance away from the burst, with the largest field ocamig just outside the x-ray shield.

For the purpose of estimating the couiling of MHD-EMP evironments to power
systems, several different E-field waveforms have been used [1]. Figure Z.2Z presents a typical
waveform for the early-time blast component of the B-ed on the earths surface. This
component of the MHD-EMP environment, denoted by Eo(t) is normalized by a factor E.

Slight differences in the normalized' waveform shape ae shed for observation locations
outside of the x-ray patch compared with locations under tte patch, but these are neglected
here. The normalization factor E., depends on many fictors, including the burst yield and
other parameters, the exact observer location, and the eofth s electrical conductivity.

Figure 2-2b presents a typical late-time heave comlmation to the MID-EMP E-fieid.
As in the previous figures, this waveform is also normalized to unity by a factor Emax which is

different from that for the blast-wave component. This component of the MHD-EMP
environment is believed to be strongest directly under the burst, falling off rapidly as the
observer moves away from ground zero.

The total MHD-EMP E-field on the ground consists of a suitable combination of
Figures 2-2a and 2-2b, depending on the actual location of the obsenrer. For some locations

the late-time component of the environment will be very small, but for others it can be
substantial. As an example of such a composite hD-EMP wavefomn, Figure 2-3a presents a
complete normalized waveform and its frequency-dmmin spectrat magnitude is shown in
Figure 2-3b. Note that most of the spectrum is located well below I Hz. For power systems,

S



this implies that the MHD-EMP waveform appears as a quasi-dc signal, and that dc circuit
modeling concepts will be appropriate for calculating system responses.

For reasons mentioned previously, the MHD-EMP E-field vector direction depends on
the burst location relative to the magnetic north pole. As in the case of solar geomagnetic
storms, for burst locations near the north pole, much of the earth's surface experiencing the
MHD-EMP environment sees a predominantly east-west E-field. Consequently, for the study
in ref. [1], the direction of the E-field is assumed to be east-west.

For some calculational procedures, an explicit expression for the waveforms shown in
Figures 2-2a and 2-2b is useful. Such expression may be obtained by fitting the waveform
components to a suitable functional form, and this is discussed in more detail in ref [1].

As noted in Eq.(2-1), the magnitude of the E3 environment depends on the electrical
conductivity of the earth. As an example of the range of possible E-field amplitudes, a nominal
E3 environment of 10 V/kn has been assumed for an earth conductivity of a - 0.01 S/re.
Figure 2-4 shows the resulting E-field waveforms as the earth conductivity is decreased from
0.01 to 5.X 105 S/re.

2.3 ALTERNATE MODELS FOR THE CONDUCTIVE EARTH.

The derivation of Eq.(2-1) for the E-field is based on the assumption that the earth is a
uniform half-space with conductivity a. In reality, the earth is inhomogeneous, with the
possibility of many different layers, each having different conductities. Furthermore, there
can be large changes in the conductivity in the lateral direction, especially at the coastline,
where the conductivity changes from that of soil to sea water.

Frequently, the surface conductivity is differeat from that deep in the earth. Due to the
high frequency content in the early-time El HEMP environment, the surface conductivity is
most important in determining the total El-field above the surface. However, the lower
frequency E3 fields are typically more sensitive to the layered structure deep within the earth.
Alternate calculational models are available for the E3 fields which take into account the deep
earth structure. These will be described in this section. It nmst be kept in mind, however, that
these models require a knowledge of the deep earth conductivity and its variations to be

6
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Figure 2-4. MHD-EMP E-fields for varying earth conductivities under
the assumption that Emax= 10 VIkrn for a = 0.01 S/m.

applied. Such data may not be available in practical cases of interest, and the resulting errors

of applying these models with improperly chosen ground data can provide field estimates that

are just as inaccurate as those obtained by using the simple, homogeneous earth model.

To develop a model for a more realistic earth, first consider the case of a simple lossy

half-space. As discussed by Wait [13], the frequency domain relationship between the total E-

and H-field on the surface of the earth is defined by a surface impedance Z. as

E=ZsH. (2-2)

For a single, homogeneous earth, the surface impedance is given in [13] as

z= jCT c o -Ž (2-3)
jcai:E+Ea Fa

Noting that B = pjH, the expression in Eq.(2-2) can be written in terms of the spectrum

of the time derivative of the B-field jo B as

E T(ja) jwB, (2-4)
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where the transfer fimtion T(jw) is given by

TOW)= j (2-5)

for the homogeneous earth. As discussed in the Appendix of ref [8], this frequency-domain

expression leads directly to the time-domain convolution operation of Eq.(2-1).

An alternative to evaluating Eq.(2-1) directly is to compute the B-field spectrum by

performing a Fourier transform on the assumed known transient B-field on the earth's surface,

and then using Eqs.(2-4) and (2-5) to compute the E-field spectum The final transient

response is then calculated by performing an inverse Fourier trandorm.

Consider now the case of the two-layer earth shown in Figure 2-5. This consists of a

single layer having a thickness d and electrical parameters a1, el, and gl, and is located over

an otherwise homogeneous earth described by parameters a2, 92, and P•2 The E/H

relationship on the surface can be computed using the transmission line analogy shown in the

figure, and this gives the surface impedance as

B, Is ( .ZL + Ze tah(yfd)2-
H, - Z a+ZLtZanh(ld)(

where the load impedance ZL is used to represent the surface impedance of the layer 2 and is

given by Eq.(2-3) with the values of p& and a appropriate for layer 2. The term Zc is the
characteristic impedance of the line and this is given by the impedance of Eq.(2-3) with p and

a for layer 1. The propagation constanty for region I is given by

y = 4ja•(jo* +a) - ~ •(2-7)

where again pt and a are those for layer 1. Note that in these expressions, low-frequency
approximations have been made, and this shows that the dielectric constants of the regions are

unimportant. Once the Z4 term is evaluated, the E field follows directly from EqL(2-4) and

(2-5) as

B.w) = T(j, ) jzB(jo) " +Z, tinh(- 1 jw) . (2-8)
J01 C +ZLtinh(Td))
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Figure 2-5. Two-layer earth and transmission line model.

For a general, n-layer earth, Eq.(2-6) also can be used to determine the surface
impedance. This is done by using the transmission line analogy on a layer-by-layer basis,
starting with the deepest layer and moving towards the surface. For any given layer, the
computed surface impedance of the previous layer forms the load impedance in Eq.(2-6), and
the calculated Z. then becomes the load impedance for the next layer. Ultimately, a complex
frequency domain expression between E and H on the surface results, involving a knowledge
of each of the layer thicknesses and parameters g. and a. As in the case of a single layer earth,
the transient response of the E-field is then obtained by performing a numerical inverse Laplace
transform.

It is of interest to develop a time-domain representation of the earth-induced E-field
similar to that of Eq.(2-1) for the case of the two-layer earth. For the earth model shown in
Figure 2-6, Eq.(2-8) can be transformed into the time domain to provide the convolution
integral representation for the E-field as

t B(P -9r),

E(t)= J To,- t)-z I (2-9)

The time domain kernel T in Eq.(2-9) is essentially the inverse Fourier transform of the
transfer function TO(o) in Eq.(2-8). Using F-1 to represent the inverse Fourier transform, this
kernel may be expressed as

11



where rand k = d 4, 1 for the case when the permeabilities .& of each layer

are equal to I.. The term d represents the thickness of the layer. In this manner, the

convolution integral for the two-layer earth becomes

- I t I c kle~(t-r) 1 dt2-0

This latter expression can be used just as ewily as Eq.(2-l) for determning the E-field for a

two layer earth. , E•tcnsion of this expression to a more general, n-layer has not been

attempted, but may be possible.

2.4 SIMILARITIES BETWEEN MIE-EMP AND SOLAR STORMS,

The MIBD-EMN environment is similar to that cncountered in naturally occurring

geomagnetic storms. Consequently, it is useful to look to the several reported power system

malnnctions which have been ascribed to these storms [1]. Doing this can provide an

indication of possible MHD-EMP effects on electrical power systems.

On October 28 and 29, 1991, a major geomagnetic storm occurred, This was given a

K-Index of 9 from readings made in Boulder, Colorado, and in Loring, Maine. The storm

began at 1540 universal time (1040 EST, 0940 CST, 0840 MST, 0740 PST) on October 28.

A numbr of geomagnetic observatories across the US and Canada recorded the fluctuations of

the geomagnetic field during this event and can provide data. Of particular interest .are the

data from the Canadian Geological survey of Canada [14], as the data are available at 10

second measuring intervals. Other data, such as those available from the U.S. Geological

Survey, are typically available only with a one minute time resolution [15].

Figure 2-6a presents the measured East-West geomagnetic field at the Ottawa

Magnetic Observatory, as provided by van Beek (14]. These data are plotted as a continuous

record for a three-day period, starting on 10/27I91. The vertical axis is the absolute magnetic

field (i.e., the static geomagnetic field plus a small time-varying component) in units of nano-

Teslas. The onset of the geomagnetic storm is defined to be at about 1 5;40 universal time on

October 28. and this time is indicated on the plots.

12



For a simple, homogeneous conducting half-space earth model, the North-South
electric field corresponding to this magnetic field may be calculated by numerically evaluating
the convolution integral of Eq.(2-1). Assuming an electrical conductivity of a = 0.0001 S/m.,
Figure 2-6b presents the resulting calculated E-fields for this storm. Shown in this figure is a
14 V/kan spike in the E-field which caused several problems in power systems across the U.S.
[1]. The actual earth conductivity varies depending on the location within in the country.
Consequently, different earth conductivities may be possible. The value of a chosen here is to
illustrate possible E-field responses.

To observe in better detail the behavior of the earth-induced E-fields at the onset of the
storm, Figure 2-7 presents the North-South E-fields on an expanded time scale in minutes after
15:30 universal time on October 28.

Also shown in this figure is a plot of the normalized composite MHD-EMP E-field,
similar to that shown in Figure 2-3a. The MHD-EMP waveform has been normalized here to
have the same peak amplitude of about 14 V/km. Note that there is a remarkable similarity
between these two waveforms, with an early-time spike, followed by a later-time component.
.From these observations of geomagnetic storm effects on the power system, it is reasonable to
conclude that the power system would respond to a MHD-EMP event.
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Canada, from ref. 14.
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SECTION 3

MHD-EMP INTERACTION MODELS

3.1 GENERAL.

The earth-induced currents produced by a MHD-EMP environment arising from a high

altitude nuclear burst can interact with a system in several manners. One way is by a direct
collection of the earth currents by the system. Another coupling mechanism is by long electrical

conductors collecting the earth current and injecting it onto the exterior of the system. Once

the current is flowing on the system enclosure, it can diffuse into the interior and may cause

disturbances in internal equipment. A third coupling mechanism is by a direct injection of the

E3 currents into a system by penetrating conductors, such as the ac power or telephone lines.

As in the case of the early-time E1 HEMP environment, it is believed that the largest E3

excitation of a system arises from the conducting penetrations. In this section, various
calculational models are described, and estimates of the injected current levels for different
types of conducting penetrations are given. In addition, the other two modes of system
excitation are discussed, and estimates of the E3 currents collected by the system exterior are

provided. Of special interest is the possible requirement of maintaining an isolation zone for
long conductors conducting E3 currents to the system.

3.2 INDUCED EARTH CURRENTS.

The MHD-EMP E-field produced by variations in the geomagnetic field in accordance
with Eq.(2-1) acts on the conducting earth and induces a volumetric current density J within

the earth. This current is given by Ohm's law as J = oE. For a nominal E3 environment of 10

V/km and an earth conductivity of a = 0.001 S/m, the resulting current density is only

10 iiA/m2. Very long electrical conductors, however, can collect a portion of this current from
the earth, and in certain cases this can result in line currents on the order of hundreds of amps.

The induced current density, as well as the E-field, attenuates exponentially with depth
into the soil. At the upper frequency limit of the E3 spectra (see Figure 2-3b) of about f =1

Hz, the skin depth is 5 = 1 / ýnlfp a. 16, 000 m. Thus, for practical purposes, the current in

the ground can be considered as being uniformly distributed.
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3.3 COLLECTION OF EARTH CURRENTS BY GROUND FACILITIES.

A starting point for understanding the coupling of the E3 environment to a system is to

consider the collection of the ground current by a shallowly buried system, as shown in Figure

3-1. Because of the large skin depth within the earth, the shallowly buried system experiences

the same E-field as does one located on the surface. If the system is auamed to be more
highly conducting than the surrounding earth, it will distort the local E-firld and cause a

current to be collected on its front surface, pass over the system, and then exit oZ the back

side,

As illustrated in Figure 3-la, a buried system is approximted by a perfectly conducting

hemisphere of radius a and a quasi-static E-field in the earth of magnitude Eo. To compute the

earth induced current collected by the system, it is sufficient to determine the local E-field

around the system, since the current in the earth is proportional to this field. Once the normal

component of E is found on the bottom part of the hemisphere, the current density flowing

onto the system can be computed using Ohm's law.

This problem is simplified by using symmetry arguments which permit the consideration

of the geometry shown in Figure 3-lb. This is a complete sphere immersed in an initially

uniform E-field and is a classical EM textbook problem (16]. On the surface of the sphere, the

curTent density flowing into the sphere is given by

Jr =a ErIrma = 3aEo cos, (3-1)

and the total current flowing into the front side of the hemisphere is by

x z/2
i-J J Jra2 si3:dOd+-- 2 • (3-2)

0 0

where a is the radius of the hemisphere. Note that this is three times the current flowing

through a half-disk having the same cross sectional area as the hemispher

As a numerical example of the magnitude of the collected current for this system,

consider the ca of a conducting earth of a - 0.001 mhos/m and a nominal E3 field of 10

VWan discussed previously. For a large facility having a radius of 20 m, the total collected

current on one side of the system is only about 0.02 A. This current is small and it is doubtful

that it would cause any serious problems to equipment within the system enclosure, provided it

flows primarily on the shield or structural metal.
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Figure 3-1. Geometry of idealized system and MHD-EMP earth-induced E-
field.
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3.4 CURRENTS INDUCED IN LONG UNES.

The MHD-EMP electric field described in the previous section is capable of inducing

currents in long sections of electrical conductors. Unlike the early-time E, HEMP

environment which can induce large currents in conductors not connected to the ground, the

E3 environment will induce currents in the lines only if they are electrically connected to the

earth at two or more locations. This is due to the quasi-static nature of the MHD-EMP fields.

In this section, the models for several different conductor configurations developed in ref. [1]

are reviewed and the computed MHD-EMP-induced currents summarized.

3.4.1 A Single Line Grounded at Both Ends.

Figure 3-2a shows an example of a conducting, above-ground, line of length L that is

connected to the earth at both ends. With the line absent, the earth-induced E-field creates a

uniform current density Js in the ear& When the conducting line is connected to the earth, a

fraction of this earth current will be collected by the line, and this results in the current I

flowing in the line.

For this simple conductor configuration, the induced line current can be calculated

using the simple dc circuit model of Figure 3-24. As discussed in [1], the effect of the E-field

appears a voltage source (V - E•L) in series with the line. The resulting current I flowing in

the line is given by

I= E4L (3-3)

Rf I + R + tLL

where Rp and RA, represent the grounding (footing) resistances at each end of the line and rL

is the per-unit-length resistance of the conductor, and L is the length of the conductor.

This model is useful for determining the current induced on long lines that can be

grounded to the earth. Examples include non-signal conductors such as fences or structural

members, the outer shield of a coaxial communications cable, or certain configurations of a

three-phase electrical power system which has grounded wye transformers. This latter case

will be discussed further in Section 3.5
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MHD-EMP E-FIELD

a. Physical configuration

GROUNDED CONDUCTOR

UNE CURRENT I

EARTH CURRENT DENSrTY J.

b. Induced current distribution

V=EL R=rLL

R.Il ~ ~ • 1 Rf2
aL L

c. Circuit model

Figure 3-2. Model for a single conductor excited by MHD-EMP.
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3.4.2 A Periodically Grounded Line.

Frequently, a long line will be connected to the earth at several locations along the line.

Such is the case with an overhead neutral or shield conductor in a power transmission system,

which is connected electrically to each tower. This configuration is shown in Figure 3-3. Each

tower has a resistawce to ground denoted by R, The resistance to ground of the neutral

conductor at each e;4 is denoted by Rf The transformer winIngs and phase conductors are

shown in this figure, but because they are connected to the earth at only one location, they do

not enter into the dc analysis for the induced current I,, flowing in at the end of the neutral

wire. The term r. is the per-unit-length resistance of the grounded neutral wire.

Reference [1] discusses the MHD-EMP coupling to this line in detail, and develops the

dc circuit model shown in Figure 3-4 for computing the neutral conductor current. This

analysis involves a dc loop analysis for the network which has an individual voltage source
arising from the E3 field in each loop. In this reference, calculations for the induced neutral

current have been described for typical power line configurations. As an example of these
results, Figure 3-5 presents a family of curves of the normalized neutral current In/E. vs. the

number of tower sections in a neutral line having a specified length. Data for line lengths of 15,
10, 5, and 1 km are presented. Additional information on the details of the line parameters

used may be found in the refeence.

Ommeod Nmam W~t

Tower 1 2 N-1 N

A A -

L

Figure 3-3. A periodically grounded line.
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Figure 34. Circuit model for the periodically grounded line.
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Figure 3-5. Normalized MHD-EMP-induced current vs. number of tower
sections for different line longths.
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From the results in [1], it is clear that the MHD-EMP current induced in the grounded

line is reduced due to the shunting effects of the towers. For the line having the typical 12 kV
distribution line parameters, it was found that there is a reduction of acut 30% in the MHD-
EMP current induced in the neutral conductor.

3.4.3 Currents in Buried Conductors.

In the limiting case of there being many grounding locations along a line, the problem
approaches that of a conductor in continuous contact with the earth. In this case, instead of
using a discrete circuit analysis model for determining the line responses, it is possible to use a
continuous, analytical model. As developed in [1], the voltage and current distribution on a
conductor in contact with the earth are similar to those of a transmison line excited by an
incident E-field, with several simplifications arising due to the quasi-static nature of the
problem. As a result, analytical expressions for the responses can be obtained.

For a buried line having a per-unit-length resistance of r. f/m and a per-unit-length

conductance to the ground of gt S/m, ref [1] develops the following expression for the current
In flowing at the end of the line:

EoL(I -_..•)

In -=L2+al I -a) (3-4)

Here the parameter a = ýflj, and it is assumed that each end of the buried line is terminated

in resistances Rfat the ends. This expression provides a current at the end of the line which is
smaller than that occurring for the same line which is not in direct contact with the earth.

This last equation can also be applied to the case of a large number N of discrete
grounding points having a re~istance Rt by defining the per-unit-length conductance gt as

N
St = i-L (S/mi). (3-5)

In this manner, the parameter a is

S= N O /m )2 (3-6)
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3.5 CURRENTS IN POWER TRANSMISSION AND DISTRIBUTION LINES

3.5.1 Unshielded, Three-Phase Power Lines.

Reference [1] has also discussed the behavior of E3-induced currents in transmission

and distribution lines having the grounded wye configuration shown in Figure 3-6. Because of

the balanced nature of this three-phase system, the earth connections at each end of the line can

be made without affecting the normal operation of the power system. The circuit model of

Figure 3-2c is appropriate in this case, if the per-unit-resistance rL represents the parallel

combination of the three phase conductors, and the footing resistances RF and RF- are

assumed to contain the dc resistances of the transformer windings Ry at each end of the line.

As discussed in [1], the various resistance values for a power transmission or

distribution system depend on the voltage class of the power system being considered. To

obtain an indication of possible current responses for different line configurations, several line

classes have been examined in [1], and plots of possible MHD-EMP induced currents in the

transformer neutrals have been presented.

Source Load

--- '

Earth Induced E-Field
Earth

L

Figure 3-6. A three-phase, grounded wye electrical power system.
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As an example of the calculated responses of[1], Figure 3-7, illustrates the behavior of
the normalized MHD-EMP-induced neutral curenL This is shown as a function of the line

length L, for lines in the 138-, 345-, and 500-kV classes. For these types of power lines, an
effort is made to keep the transformer neutral grounding resistance low, usually between 0.5
to 1.0 Q. For the study in [1], the footing resistance for these lines was assumed to be Rf f

0.75 Q.

Eq. (13) indicates that for very long lines the induced current is dependent only on the
per-unit-length line resistance as I¢/F. -* I/L. This current limiting is apparent in the curves
in Figure 3-7. For the transmission and distribution lines considered in [1], Table 1
sunmarizes the peak MHD-EMP-induced currents which occur for very long lines.

150 . . . . * . . * . .

~ 100 • o0-4Y taq Cin

100

50

.Po
133 IN

0 200 400 600 800 1000
Line Length (kin)

Figure 3-7. MHD-EMP4nduced curremt In transmission lines.
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Table 3-1. Maximum normalized MHD-EMP-induced current

Voltage Class I./En

(kV) (A-kmn/V)

500 120.5
345 74.1
138 18.5
69 16.1
34 13.8
25 13.8
12 11.0

3.5.2 Considerations for Shielded Three-Phase Power Lines.

A frequent practice with long transmission lines is to provide one or more overhead
shield conductors for lightning protection. Typically, these conductors are smaller than the
power phase conductors; consequently, they have a larger per-unit-length resistance. These

conductors are grounded at each tower, providing a conducting path to local ground. The
MHD-EMP earth-induced E-field can also induce currents in these shield wires, and if the

three-phase power system is connected in some manner to the shield system, these currents can

influence the level of current flowing in the transformer neutrals.

Reference [1] has also considered the E3 coupling to this type of conductor

configuration. Figure 3-8 shows the case of support towers and an overhead shield wire added
to the three-phase line previously shown in Figure 3-6. The overall line length L has N support
towers, with a distance I between them. The phase conductors are supported by the towers,

but do not have electrical connections to them. An overhead shield wire having a per-unit-
length resistance of rs f)km is connected electrically to the towers, and each tower is assumed

to have a grounding resistance through the earth of RI. The resistances Ry represent the

winding resistances of the transformers at each end of the line, and R1 are very small contact
resistances of the transformer neutral connections at points A and A'. These latter resistances

are usually neglected.

The determination of the MHD-EMP-induced current flowing in the neutral circuit of

the transformers Ic is discussed in detail in [1]. This involves developing a Thevenin equivalent

circuit for the periodically grounded neutral circuit at locations A-A' in the figure, and then
computing the response for Ic.analysis using an equation similar to Eq.(3-3).
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a. Physical line configuration

R y RL= rLL - rL(N--)t Ry
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b. Electrical circuit model

Figure 34. Thre-phase line with N towers and overhead shield wires.
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To provide an indication of the MHD-EMP responses for shielded power lines, a set of

calculations for the 7 different types of transmission and distriburion lines (500, 345, 138, 69,

34, 25, and 12 kV classes) has been analyzed in (1]. Each case hal line and grounding

parameters typical for the voltage class of the line being conside•ad. As an example of a

typical calculated response, Figure 3-9 shows the contours of the normalized transformer

neutral current I/Eo for various combinations of line length and number of tower sections for

a 500 kV class power transmission line. The straight line in this fgr represents the locus of

paints corresponding to the 300 m tower span length typical for this class ofline.

44•000 2•0. 750 . . "1.. . . . . ..

C

0

*2o
1500

0 
3

z Gloo SOO

0
Una Length (kin)

Figure 3-9. Contours of normalized MHD.EMP4ndu•ed cwrrenwd Je
(A4-m/V) for a 500 W line with grounded *eM wires.
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3.6 E3 COUPLING TO A FACILITY WITH LONG LINES ATrACHED.

A potentially serious coupling configuration for a buried system is shown in Figure

3-10a, where two long, above- ground conductors are physically connected to a buried facility.

The earth-induced E-field E0 is able to cause a current to flow in the long lines and this current

is injected directly onto the facility enclosumre.

As in the analysis described in the previous sections, each long line is c by

its per-unit-length resistance rL, its length L, and a footing resistance Rf at the end of the line

opposite the system. The facility itself has a footing resistance Ro which typically will be much

smaller than the other resistances in the problem.

Reference [4] describes an approach to calculate the currents J1 and 12 on the wires
connected to the facility using the equivalent circuit shown in Figure 3-10b. For this circuit,

explicit expressions for the currents flowing onto the facility can be derived and are reported in

[4].

The appropriate values of the footing resistance and the per-unit-length line resistance
in this model depend on the type of conductor connected to the system. For a 12 kV power

system neutral conductor having a typical sub-station footing resistance of RP - 0.75 fI and a
line resistance of rL - 0.875 flkm, ref. [4] shows that the maxmum possle induced current
isontheorderoflAforanE 3 environmentofl0V/kin '

The E3 current in this example is limited by the relatively high line resistance which is

ty-ical of the 12 kV power system neutral conductors. Larger currents can be expected if the

wire is bigger in diameter or if a different line configuration is encoumtered. For example, ref.
[I] calculates a maximum current of approximately 200 A (for a 20 V/km E3 environment) for

a three-phase 12 kV power system with a grounded wye transnfer at both ends of the line.

If the grounded wye connection is made directly to the system, this crenm can flow over the

system enclosure to ground, and injects an order of magnitude more current excitation on the

systm.
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3.7 GROUND CONDUCrOR ISOLATION IN FACILITIME

It has been suggested that one way of mitigting the possible effects of the E3 carrent
on a system is to interrupt the current flow on the system [2]. As shown in Figure 3-1 la, this
can be accomplished by discon the incoming lines to the facility and grounding them at
a distance d from the system. Doing this not only changes the current distibution on the
system, as discussed in [4], but it also changes the levels of the injected current due to the
intrduction of the additional footing resistance R. of the earth connection.

To calculate the currents I1 and 12, the equivalmt circuit of Figure 3-1 lb has been
developed in [4]. This is of the same form as in Figure 3-10b, but with the additional footing
resistance R In this case the common ressuve element between the two circuit loops Ri is
the mutual resistance between the two ground eectrodes. As in the previous cua, explicit
ereions for the current flowing on the lines can be derived. This current, however,
generally will be smaller than that for the case when the lines are connected directly to the
facility, due to the increased footing resistance, &

Once the E3 current flowing in the lines is determined, the faction of this current
collected by the buried facility must be estimated As described in ref [4], a possible model for
doing this is shown in Figure 3-12. Computing the current density flowing onto the
hemisphere from two point electrodes and intgrating this a& in Eq.(3-2) provides an estimate
of the total current collected by the facility.

This integral camot be evaluated in dosed foim but it is easily integrated numericaly.
Figure 3-13 presents the normalized current flowing into the system /L 0 as a function of the
ratio d/a. As noted in this figure, for a reduction of the total current in the system to 10% of
the initial value, the necessary currect injection points must be located at d/a t 3.8, a value
which is consistent with d/a -4 of ref [171.

Thus, the current collected by the fclity is reduced by two mechanisms: a decrease in
the coupling efficiency of the long lines due to the addition of a rounding resistance of the
earth electrode, and the spreading out of the ground currents due to ths electrode placement
away from the facility. An additional decrease in the magnitude of the E3-induced current is
expected if the incoming lines are periodically grounded at support towers
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SECTION 4

MHD-EMP TESTING

4.1 OVERVIEW.

Duing the course of this effort for DNA, several studies related to experimental
aects of MhW-EWP effects on systems have been conducted [41. M71. [18]. These consisted
of the development of concepts for MHD-EMP simulation, oa a buried
conmunicat'ons facility, and laboratory measurements on a mock-up of an electrical power
distribution system. This section summarizes these activities and their results.

4.2 M•.D-E, SIMULATION CONCEPTS.

4.2.1 Single Lines.

Because of the quasi-dc nature of the MHD-EUP environment, the most efficient
simulation concepts involve injecting a suitable dc current into cables ano power lines, or
directly onto the exterior of a facility. This is in contrast to the El testing, where it is possible
to simulate the incident HEMP fields over the system. Only syems with typical dimensions
on the order of several kilometers are strongly affected by the E3 e' and it is
impossible to excite such large systems with a distributed field

There are several different methods proposed for sinuaatit the effect on the E3
environment on facilities. and the theoretical basis for these simdation methods has been
developed in Appendix A of ref. [2]. In that repoM the E3  ciatatim of bo conductor., Rich
as a three-phase power line or a periodically-grounded neutral condutor, has been.considered.
These types of conducting appendages are viewed as being the most important incollecting the
MHD-EMP energy. As discussed in Sec. 3.3, the collection of the Erinduced ground currents
by a buried facility alone is much smaller than that collected by Io fines.

The basic geometry defining the long-conductor excitatio by E3 and the subsequent
injection of current into a facility is shown in Figure 4-1. A lon conducting line of length L
and per-unit length resistance rL (0/m) has a load resistance Ruj and an earth grounding (or
footing) resistance ofR•; at its end far from the facility. At the ,cil the line penetrates into
the enclosure, where an effective load RL2 is present, along with a facility grounding resistance
R The response of interest in this case is the current entering the ficility I
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FACILITY ENCLOSURE

Figure 44. An Isolated single conductor entering a facility excited by
MHD-.EMP.

Thequasi-staic MHD-EMP E-field waveforn Eo~t), induced in the earth by the time
variations of the geomagnetic field, exists over the entire length of the line, and produces an
effective voltage source of EeL in the line. This voltage source occurs in series with the long
line. Because of the simple quasi-dic nature of this excitation, Eq.(3-3) can be used to calculate
the MH-M-ind.uced curren flowing into the facilty, with R1 - (Rq. + R•1) and R, -

(R.2+Lo).

In the simulation concepts discussed in ret£ [1] the goal of the simulator source design
is to izmhw that the same quasi-dc current flows into the facility when the E3 excitation is
replaced by the pulser. Figure 4-2 ilutae the relcmn of the long conducting
appendage of Figure 4-1 by a Thevenin equivalent circuit of the line which is located close to
the facility. In this case, both the voltage soure V, and the internal resistance R, of the source
must be adjusted to provide the proper values corresponding to the physical situation. These

v,-E1 (4-L)

ir - l+trL +snl c t.oRr) (4-2)

where is the q ounding resisan e ofte wnulator source shown in higuar 4h2. Because

the Thevenin source is connected to the earth at a location different from the original end of
the line, this grounding resistance may be different from the original grounding resistance R.h.
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As discussed in [1] an alternate, but equivalent, simulation is possible

using a Norton short-circuit equivalent circuit. However, as the Thevenin open circuit voltage

source is expressed directly in terms of the earth-induced E-fiel El, the Thevenin equivalent

representation of the pulser is the most intuitive of the two. Cy, nothing more will

be said about the Norton source models.

FACIUTY ENCW3SURE

THEVENINI
E3 PULSER + LR

~Tj7RT

Figure 4-L. Simulation of MHD-EMP excitation by an equivalent Thevenin
circuit.

An alternate imulation configuation for long lines is wgpsted in [1]. In this case, the
line is left intact, and the E3 source (or "pulser) is insrted in iras with the lin as shown in
Figure 4-3. The line load, footing, and conductor resistances arel Anchanged and if the line
normally carries commnicatons signals or electrical power, it can continue to operate
nonnally as the E3 signals are applied. Th Thevenin source i•medanceRA should be chosen to
be much smaller than the sum of all of the other resistances in the circuit, and the voltage
source is given by Eq.(4-1). In this event, the facility current will be correctly simulated.

At times, it may be difficult to insure that the puls resistance R. is sufflciety low. In

this event, ref [I] discusses the possibility of increasing the pulser voltage to ovecme the

effects of this additional resistance.

A third possible simulation configuration discussed in [I] has the E3 pulser positioned
between the line and the ground at a location x. as shown in Fgure 4-4. This is sinular to one
of the current injection configurations suggested in MlL-Sr•I)I-125 (red [19]). As in the

previous case, the normal configuration of the long line is left intact, so that the E3 pulser need

not simulate the normally-occurring signals or power on this lie However, the presence of

the pulser will tend to short out a portion of the signal or power at its locationx,.
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Figure 44. MHD-EMP simulation with the pulser In series with the line.

I'S •FACIUTY ENCLOSURE

I'1 rLxs(L-) I f

S S I

R L1 : "U=•LSER V. RL2

Figure 4.4. MHD-EMP simulation with the pulser across the line.

To minimize t•is loading that the pulser has on the system, the pulser impedance should
be large at the power or signal frequency. This can be achieved by constructing the pulser im-
pedance a seies R-L circit, so that Zs 1 k + jo. The inductance L, i chosen such that
dLs>>I .R +RP.orPL2+ Rf. Inthisway, the pulsacanhijectanE 3 signal intothe
system, but the normal operation of the system is not advmsely affected.
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Although it is possible to inject a current into the fa y in this, us this source
configuration does not correspond to that ;mrising from hM4eD catim in which the

sorce is located in series with the line. This difference in th ace a n g ion can gwe
rise o response modes that are not present under E3 excitation- For example, under an actual
NdirD-EMP excitation, the currents 41 and If in Figure 4-4 are evqted to be identical, both in
magnitude and direction of flow. This will not necessarily be uoe, bowvem, if the pulser is
shunted across the line, as shown in the figure.

The possible differences in the currents 41 and Ifmay nt be a in all i ,.
If the only concern is in providing the proper quasi-dz current to the faciity. "ihe simulation
with a shunt pulser may be adequate. However if the interaction ofthe Ehinduced currents on

the line with the load RLU is important (possibly due to the pesmP of saturstable magnetic

material it the load), this simulation concept is not optimoun. TiWs becomes particularly
important in power system simulation, as mentioned in (1].

Other configurations of long lines have been considered. Figure 4-5 illustrates a
periodically-grounded line, such as the neutral or shield conductor ofa power iine. For typical
parameters of a power line, the effects of the periodic grounds have been seen to reduce the
injected current into the facility by about 30% [1]. Simulation coacepts forthis line are also
discussed in this reference.

FACE17 ENCLOSURE

Rle rL I

R 41--7

L

Figure 4-6. Configuration of a single line peridiadlU ycmmecled to eaul
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4.2.2 Three-Phase Power Lines.

Due to their long lengths, three phase ac power lines entering the facility are potentially
important collectors of MHD-EMP energy. In contrast with most single penetrating
conductors discussed in the previous section, the three-phase conductors carry normal 60 Hz
power, and the MHD-EMP-induced currents on the line can interact with the energized power
equipment to saturate transformers. This saturation creates harmonics within the system, and
unless the testing is performed with energized equipment, the effects of these harmonics cannot
be filly determined. The requirement for performing E3 simulations on energized power
equipment poses many problems. including personnel and equipment safety, and the desirability
of not interrupting the normal operation of the facility or the commercial power network. As
in the case of the single conductor penetration into the facility, there are a number of different
E3 simulator configurations that are possible for the case of three-phase penetrations. These

also have been discussed in detail in ref. [1].

A possible line configuration for supplying ac power to a facility is the three-phase line
shown in Figure 4-6. A simple version of this line consists of three parallel conductors of
length L, each having a per-unit-length resistance of rL (CMki). At the end of the line distant
from the facility, the line is terminated in a grounded wye transformer secondary having
winding resistances Ry for each phase, a neutral conductor resistance RLI" and a grounding
resistance PR/. Normally, these transformers are balanced so that the resistances in each phase
are identical In this example, no neutral conductor is carried with the phase conductors.
Different electrical utilities have 4ifferent practices for constructing transmission and
distribution lines, and this case is ty3wd of some lines in California. In other instances, a
fourth neutral line might be carrice with the phase conductors.

For this configuration, the primary of the transformer is connected to other paits of the
electrical power network, and this supplies the normal 60-Hz power to the line and the facility.
Although this power source is not expli-itly indicated in Figure 4-6, it could be represented by
three 60 Hz voltage sources in series with the transformer secondary resistances R. In
addition to these normal operating voltages, there is the earth-induced E-field caused by the
MHD-EMP.

Several different simulation concepts for this line configuration have been developed in
[1]. Figure 4-7 illustrates the most general concept, which replaces the excited line with a
generalized Thevenii circuit, similar to that in Figure 4-2 for the single line. In thie -ase, the
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idvidual resistan in the wyc circuit are R. and consist of the series combination of the
transormer winding resistances and the phase conductor nestances The other pulser

resistance R,1 takes into account the possible difference in grounding resistance at the pulser
location. These quantities, as well as the voltage sources, V.. are discussed in. the reference.

TRANSFORMER FACILITY ENCLOSURE
SECONDARY

R R rLL

TV 'f2 Load
0i

RLI

Figure 44. E3 exc•ition of a three-phe power line.

GENERALIZED E3 PULSER FACILITY ENCLOSURE

V Q " f2 .LOAD
040

•Rs If3

Vsl

Figure 4-7. Thevenin equivalei t circuit excitation ofr a duvee!hase lUna.
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An alternate simulation procedure is shown in Figure 4-8, in which the three-phase line

is left intact and the quasi-dc MHD-ENP voltage is injected through the neutral of the

grounded wye transformer. In this manner the normal operation of the transformer continues
during the simulation, and the 60-Hz power remains on the lines without additional sources. In
addition, the normal saturation characteristics of both the wye transformer and possibly of the
internal fcility loads will automatically be included in the simulation. If the internal load

grounding connection is a well-defined, single-point ground, as shown in the figure, the E3

pulser could be located at point A in the figure, instead of at the end of the line. This might be

desirable if the line is very long.

FACILITY ENCLOSURE

EPULSER --

g+ i

S!Rgl<L• ,

Figure 4-8. E3 simulation of a threephas line with pulser in the
transformer neutral conductor.

It is also possible to consider locating the Es pulser along the line at a location x.
Figure 4-9 shows a pulser consisting of three voltage sources and resistance elements. This
case is similar to the single-line simulation shown in Figure 4-4. As in the previous single wire
case, the goal here is to choose the voltage sources in such a way that the quasi-de current
entering the facility is the same as in the case of MHD-EMP excitation. In addition, thee is a
requirement that the presence of the pulser should not significantly affect the normal operation

of the power line. Thus, the source resistances R. in Figure 4-9 should be large compared with

the normal resistances of the line.
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An analysis of the currents flowing into the facility in Figure 4-9 can be peformed by
using " .- dc models developed in [1], and this can lead to explicit expssns for the voltage
crces V$ in terms of the E3-field and line properties. This simulation configuration is not
particularly recommended, however, because it is important to inure that both the source
transformer and the load circuit have the proper simulated exci n This is particularly
critical if the effect of the 60-Hz harmonics generat, d within the sytem is to be monitored. In
the present simulation concept, there is no guarantee that these harownics will be generated
properly, for the current flowing into the source Usformer is coniderab diffem firm that
experienced with the actual MHD-EMP excitation.

RCe rLL IfI FACIT ENCLOSURE

Pigure 4-9. E3 simulation of a thyme-phase line with pamer aong the Hine.

The addition of a four-th neutral conductor to the the.hs line of Figu~re 4-8
complicates the simlton procedure. This case is discassed in more detail in, [1]. As the
number of conductors and system complexity increase, the required mumber ofrE 3 pulsers also
increases. Certain trade-offs regarding to the accuracy of the sinadation versus the complexity
of the required simulation hardware can 1" •ide and some of these issues are discussed in ref.
[1].
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4.3 MIID-EMP TESTING ON A BURIED FACILITY.

During the two-week period of May 11-29, 1992, a series of tests on a Federal

Emegency Management Agency (FEMA) facility at Olney, MD, was conducted to determine

the possible effects of MHD-EMP on ground-based falities. These tests were pan of a larger

test program [18] which addressed the responses of this facility to the early-time EI and E2

high-altitude electromagnetic pulse (HEMP) evironments A preliminary report summaizing
the E3 portion of the test and the lessons learned has been written [4], and a formal test report

is expected shortly from the test-conduct contractor.

Very few, if any, E3 tests have been conducted previously on facilitie. Consequely,

there is little information or experience on conducting such tests. Furthermore, the effects of

such testing on power and electronic equipment within the facility are largely unknown. This
test program was begun, therefore, with the view of not only trying to learn about how a
fihty would respond to E3, but also to develop techniques and aeperience for E3 tes•n.

There were three stated objectives for the E3 testing at the Olney site:

"* To determine the requirements for a dielectric isolation zone around the facility.

" To evaluate the common-mode blockage of a deta-wye transformer for E3 pulses, and

determine the differential mode transfer flnction.

"* To evaluat the possible effects of trinsforme saturation and 60 Hz harmonics on facility

power conditioning

This test used the DNA E3 pulser to inject Sinlated quas-dc currens onto selected
pars of the Olney facility. Electrical connections between the E3 pulse and the facility, or
electrical components within the facility, were achieved using several hundred feet of power
cable. Voltage and current m u e were made within the facility using a recording
digitizer. The measured digitized data from the test were transferred to a portable computer

and then off-loaded to a floppy disk storage medium for future analysis and plotting. Strip

chart plots of the measured responses ware also made for inclusion in the test report.

One key aspect of the test was the investigation oft he validity of the requirement for a
dielectric isolation zone for long lines connected to the earth near the facility. This involved
first measurin suitable internal responses within the facility with the E3 current injection

hpplied directly on the facility enclosure, and then studying the behavior of these responses as

one of the current injection electrodes moves away from the facility.

43



This test was only partially successful, due to the very low amplitudes of the measured
internal system responses. With the E3 pulser connected directly to the facility and injecting about
200 A of quasi-dc current, responses at* only two of the internal measurement points could be
recorded. Induced currents on the order of 1 to 2 A on the main power transformer neutral and
about 0.5 A on the 480 switch-gear neutrals were measured with the E3 pulser in this
configuration. Responses on the other grounding connections wer'ý believed to be comparable to
the noise level within the system. This current injection onto the facility exterior caused no upset
or other problems within the facility.

When the E3 pulser electrode was moved off of the facility, the pulser could not maintain
the injected current levels, due to the increased footing resistance of the electrode connection. As
a result, the current drive to the facility dropped by about 85% and no internal responses at all
could be measured.

The limited testing at the Olney facility suggests that the requirement for a dielectric
isolation zone described in [2] might be overstated. First, the direct injection of 200 A or. the
system exterior was barely noticed inside the facility and caused no problems. Thus, the
requirement in [17] that this current be reduced by 90% appears overly strict in this case. Second,
by moving the line connection from the facility to a grounding electrode away from the facility, an
increase in the overall circuit resistance can be obtained. This will further limit the E3 current
flow onto the facility. Finally, long lines that can be electrically grounded at the facility will
usually also be periodically grounded at support towers along its length. This grounding will
further serve to reduce the current injected onto the facility. It must be stressed, however, that
these observations are based only on a short test on one facility. Additional, studies are required
to better understand these issues.

Another type of test was reported in [4] which dealt with transformer responses to the E3
environment. With the facility being powered by its auxiliary diesel generators, isolation
measurements on the unenergized 13.2 kV/480V delta-wye main power transformer for the
facility were made. It was found, as expected, that the common-mode rejection of the delta
section of the transformer was very large. Differential mode signals were able to penetrate
through the transformer to a certain extent, but for the E3 waveform, these differential responses
were exceedingly small and appear to pose no problems to the facility.

A final E3 test involved the saturation of the energized 13.2 kV/480V delta-Wye
transformer. This involved injecting a quasi-dc current directly into one phase of the secondary of
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the transformer. Although it is impossible to relate this excitation configuration to that which

would be found for E3 excitation, this experiment did provide evidence that the power

transformer can be saturated by a MHD-EMP event.

Although this test was short in duration and limited in scope, a number of useful

accomplishments were noted. However, since the test involved only a single facility, care

should be used in applying these test observations and conclusions to other facilities. Clearly,
additional testing is required to increase the confidence in the "lessons learned" from the test.

From the results of this E3 test, the following observations were made:

0 An E3 test on an active facility can be conducted safely, with only a minimnal disruption of
the normal activities within the facility.

* 200 A of quasi-dc current injected on the exterior of a shielded facility did not affect (i.e.,

disrupt or damage) internal electrical equipment.

* The requirement that there be an isolation zone of two times the largest facility dimension
appears to be too strict for the case of the Olney facility from several standpoints. The
requirement that the E3 current flowing over the facility be reduced by a factor of 10
appears to be far too large, as a direct injection of the simulated E3 current provided only
barely measurable internal responses. In addition, the actual E3 current flowing from a
long line into an earth grounding electrode utilized in an isolation scheme will be reduced

from that of the current on the line connected directly to the facility. This is due to the
added footing resistance of the electrodes. It is, however, difficult to generalize these
observations to all ground-based facilities.

* E3 signals picked up from the external ground currents and conducted along water and
sewer pipes into the facility appear to be negligible. An examination of the utility pipes
indicated that they were in direct electrical contact with the facility enclosure, yet no

internal responses on such conductors could be measured.

0 Externally applied E3 stress to the system's exterior did not affect the 480/240 V power

system.

* Transformers with a delta-grounded wye configuration provide an effective means of

blocking common mode excitations from the primary feed circuit.
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The 13.2 kV/480V transformer provided a 10:1 reduction of differential mode transients

arising from the E3 stress injected directly onto the power system.

A phase-to-neutral current injection in the transformer secondary of the 13.2 kV/480V

transformer produced a small amount of transformer saturation. However, this type of

excitation is unlike the E3 excitation expected for a facility or power system. The E3

excitation of transformers in a facility will be of concern when the high-voltage side

(primary) of the transformer has a grounded wye configuration and a dc current can flow
from the earth, through the transformer primary, and back to an earth return at a distant

substation. In this case, the E3 pulser should be located in series with the ground neutral
connection of the transformer. This eliminates the need for pulser isolation circuitry and
multiple E3 pulsers for each phase conductor of the power system.

The design of future E3 pulsers for current injection through the earth should be more

robust to account for the large (- 50 fl) footing resistance of earth electrodes.

4.4 MHD-EMP TESTING ON POWER DISTRIBUTION TRANSFORMERS.

In June of 1990, an experimental program was conducted at the Mission Research
Corporation (M.RC) in Albuquerque, NM, in order to understand the behavior of distribution-
class transformers subjected to quasi-dc current excitation [3]. For this experimental program,
ORNL was the lead organization, with assistance being provided by ORNL subcontractors,

MRC, and the Public Service Company of New Mexico.

This test involved constructing a mock-up of a simple three-phase 12.47 kV
distribution system using two distribution-class transformers and a dummy three-phase load

bank, as shown in Figure 4-10. This system was fed by local commercial pow;..,.
Measurements on this system were made with the following specific objectives in mind:

1. To determine the effect of quasi-dc currents on the operation of three-phase

transformer banks.

2. To measure voltage and current harmonics within the system and at the loads.

3. To assess the importance of the quasi-dc current duration.
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4. To determine the change in reactive power demand as a fuinction of quasi-dc

currents.

S. To datermine if low level quasi-dc currents and the distorted ac current can

cause primary fiuie to blow.

Objectives 1, 2 and 4 were determined directly from the data taken in these

measuremets while objectives 3 and 5 are determined from interpretations of the data. Given
the knowledge of the MHtD-EMP-induced current flowing in a $ong power line, and the
transformer response characteristics measured in this test, it is possible to make estimates of
the behavior of the electrical power distribution system to the E3 enviromnment.

The main part of the data acquisition system for this test involved 12 simultaneous
voltage and current meuremets on the phase conductors of the system using a digital strip
chart recorder which was controlled by a desk-top computer. The quantities measured were
the line-neutral voltages on the 12.47 kV side of transormer T2, the corresponding phase
currets on two of these high voltage lines, the line-neutral voltages and currets on the three

phase conductors on the output (load) side of T2, and the transformer neutral current. The
measurement equipment configuration is shown in Figure 4-11.

For each teat, the input voltage, current and power were also monitored by a power
meter, which provided readings of these quantities on a data tape. These quantities served as a
chock of the overall operation of the system, and provided an additional means of correcting
the V and I measuremes on the high voltage portion of the lines so as to insure that a power

balance is achieved.

As an example of measured results, Figure 4-12 presents typical line currents on the
12.47 kV primary sections of transformer T2 for configuration la. Case "am shows the normal
phase current with no dc current injection into the neutral, and exhibits a reasonably clean 60
Hz sinusoidal waveform. Case "b", on the other hand, illustrates a highly perturbed waveform,
arising from the saturation of the transformer cores due to about 5.5 A dc current injection into
the transformer neutral.
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Figure 4-12. Measured current on the primary of trasonner T2 for
configuration IA.
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Figure 4-13 shows the corresponding results for the phase currents on the secondary

208 V side of the grounded wye transformer. Clearly the harmonics pass directly through the

transformer without significant attenuation.

These high harmonics in the transformer current might cause serious problems to the
power system. Figure 4-14 shows the Fourier spectra of the transient line currents of Figure 4-
12. It is obvious that the higher harmonics of the 60 Hz power fiequency are enhanced by this

dc current injection. A summary of the harmonic distortion caused in this system is shown in
Figure 4-15 in the form of a bar chart. This shows the second (LC., 120 Hz) and higher
harmonics contained in the current in the primary of transformer T2 as a fumction of the dc
current injection level.

One effect of a large harmonic content in the line current is in an increased reactive
power demand that is placed on the power generation equipment. Figure 4-16 illustrates the
measured increase in reactive power fed into the transformer system, shown as a function of

the dc current injection. This is shown for both small and large values of dc current injection.
For the injection of do currents below about 0.1 amps, the transformer continues to operate
more or less linearly, with no increase in the reactive power demand. However for currents
above this value, the reactive powr deumand is seen to be a linear finction of the injected dc
current lev.

An additional quantity of interest is the relaxation time which is characteristic of the
transformer/load system. Normally this is a function of the dynamic transformer inductance

and resistance, as well as the load resistance values, and can have values on the order of many
seconds. This quantity was indirectly measured from the changes in the envelopes of the
transformer currents as the dc excitation was switched on and oft Figure 4-17 shows an
envelope curve of the 60 Hz current flowing into T2 as the dc injection is turned off and then
turned on again. In this figure, the finite time that it takes the system to change its state is

evident. As might be expected, this system relaxation time is a nonlinear function of the dc
injection levels. Figure 4-18 presents the observed system relaxation time as a finction of the

dc injection. This figure indicates that the injected dc causes the system to react more rapidly

than would be expected in the case of no dc excitation of the transformer neutrals. For
currents typical of an MHD-EMP excited line (about 100 A), it is expected that the
transformers in this system will saturate in times less than 0.5 seconds.

51



450 •

350

250

I150

C

.-. 50

.*250

-350

0.60 0.62 0.64 0.66 0.68 0.70
Time (Sec)

a. Nodc excitation

450 *

350
250

~150

.50
6i150

-350
-450

0.60 0.62 0.64 0.66 0.68 0.7
Time (See)

b. UJA dc excitatwio

Figure 413. Measured current on the secondary of ominsfonr T2 fjor
configuration IA.

52



Sa I I g VI•

,% 0.1

si( 0.01

* 0.001
LO
I.

C.) 0.0001

0 .0 0 0 0 1 ' . ... . . .

10 100 3000
Frequency (Hz)

a. No dc.excitation

__ 0.1

< 0.01

C
* 0.001

Q 0.0001

0.00001
10 100 1000

Frequency (Hz)

b. 6.6 A dc excitation

Figure 4-14. Examples of computed spectra for the measured responses
of Figure 4-12.

53



MNOD 1lA0Cf2A0C
I=3A DC E5A DC

IOA

aO.2

2 4

OA MAWA mS do A ISA

Figue 415.Megured 4.16.ni eanuedt recIve poweary demand.o

cofiurdn A ih ~eet evl o d 54cdn



DC INJECTIONTU-11RNED OFF

DC INJECTION

"TURNED ON

8

'-4

-8

-12.. . . . .. . .

0 5 10 1
Time (see)

Figure 4-17. Envelope curve of 60 Hz phase current for configuration IA.

1 .5

0.0

0 1 2 3 4 5 6

Cuffrent (A)

Figure 4-t8S. 8yster relaxation time.

SS



The measurements made during this experiment answered most of the objectives of the
test. If the dc injection is limited to the primary side of the transformer, the majority of the
effects are seen in the primary circuit. However, the harmonic distortion at lower order
harmonics will be passed through the grounded wye primary to the secondary with potentially
adverse effects on the connected load. A delta connected transformer will reduce the
harmonics that are passed from the primary circuit to the secondary, since it will not pass
common mode harmonics. However, differential mode harmonics, known in the power system
community as positive and negative sequence harmonics, will pass through the delta winding
transformer.

In addition, this test showed that with sufficient dc injection, the generator supplying
the transformers is subjected to a very high reactive power demand. The possibility that the
added reactive power load would result in the blowing of fuses on the primary circuit appears
to be a real concern.

Transformer damage is very dependent on the dc injection level and duration and the
core's magnetic history and thermal performance. During this experiment there was no
apparent damage to the test transformers from the series of multiple, 10-15 second tests at
various dc injection levels. The thermal mass of coolant in the test transformer was so large
that several minutes of injection at saturation level would have been required to have caused
physical damage; hence, there would no expected damage during a 10 - 15 second test.
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SEcTION 5
NMD-EMIP MITGATION MIETHODS

&I GENERAL CONSIDRATIONS&

The protection of ground-based facilitie againt the dect of MhOD-EMP uses
measre that are diffierent from those used for protecting amans the early-time E, HMe.

This is due, in part, to tho very low ftequency content of the E3 eniron-Met. At sub Hertz
frequencies, a shielded facility beconme more or less tasretto the current induced on its
aderior The applied WMD-EMP current will divide according to the various de resistance

paths within the system, and a portion may flow into the interior. ThUs, the global shielding
concept that is commonly used for the El hardening is not strictly applicable for the E3

An additional importan facto to be noted for the E3 protection is the fact that a larg
charge transfer is involved in the MHD-EMP current (on the order of 29 In'ocoulombs- about
100 time that of a severe lightnig flash). Moreover, this occurs with modes open-ircuit
voltages (only a few WV). It is feasbe to cosdrinterrupting the MHD-EMP current and
holding off the open-circuit voltages. Such a current interruption has the decided advantage
that it can eliminat the shield and filter transparency problems and the high-charge-transfer,
low-voltag surge arresme requirements. Furthermore, current interruption can often be
achieved with atsting equiptnent such as powertranformners.

Refmoreces (2) and (6] discuss various WMHDMP mitigation methods that am
availale This section will briefly review these techniques. Geerall, to mitigate the effect
of ?wfl6D-W on a faicilixy, all long conductors, noas be isolated from the building and the
conmmecial power harmionics and voltage swings muast be controlled. A power transfer switch
within the facility would be eqxpeted to respond to the voltage fluctuations as long as the
hamonics hav t riot interfered with the switch control circuitry. The major sources of MHD-
EMP induce .xirents are the commercial power lines and neutal conductors, the neutral
current indretl coupling to the facility power or ground Wointe via mtermal current
collectors, metal water pipes; phone lines and other long conductor that enter or come near
the Waility. Grounded-Mwyogounied~wy. ficility powe transformers with the ground
connected to both the utility neutral and facility ground will permsit a portion of the MHD-Ehe
current to itrthe facility. The major source of harmonic can be the commercial power
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5.2 MITIGATION TECHNIQUES FOR COMMERCIAL POWER.

The power distribution line serving a facility is expected to be a principal source of

MHD-EMP-induced current. The power transformer neutral and neutral conductor are

typically grounded at the distribution substation, which may be tens of kilometers away. If

they are also grounded to the facility shield, a path into the facility via the facility ground is

established. However, if the distribution neutral is terminated some distance away from the

facility and a delta-connected primary is used for the distribution transformer serving the site,

the MHD-EMP current can be interrupted. This scheme is illustrated in Figure 5-1. The delta-

connected transformer primary is an open circuit to the cormmnon-mode MHD-EMP current on

the distribution system is perfectly balanced, the MHD-EMP current will be completely
blocked by the delta primary windings. The delta-connected primary will also reduce, but not
completely eliminate, the power frequency harmonics that enter the facility from the power

network.

Even if the system is not perfectly balanced, the transformer does not pass the quasi-dc

differential-mode (line-to-line) current through to the secondary circuits. The MHID-EMP is
still blocked out of the facility, although the line-to-line current in the delta primary may

generate 60 Hz harmonics in the transformers that are coupled through the transformer to the
secondary circuits. However, the delta winding will provide some protection against harmonic
distortion generated elsewhere in the distribution system, since it will not pass zero-sequence
harmonics. Other harmonic protection measures are discussed later in this section.

To estimate the separation needed between the facility and the point where the
distribution neutral is grounded, ref [17] analyzed the current flowing into a conducting
hemisphere immersed in earth, as shown in Figure 3-12 of the present report. To limit the

current through the sphere to 10 percent of the total injected current, the distance to the

injection points must be about four times the radius of the sphere. This was used to estimate

the separation between long lines and the facility shield illustrated in Figure 5-1. Taking the
largest dimension of the shield to be 2a (the shield is viewed as a conducting sphere of radius

a), the neutral and other long conductors must be grounded a distance d = 4a from the facility

to limit the shield current to 10 percent of the MHD-EMP current. This result was used to

develop the protection guidelines described in ref [6].

The recent measurements at the Olney, MD, FEMA facility have cast some doubt on

the necessity of requiring this isolation of the neutral conductor. According to a more detailed
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analysis of this wtrrnt reduction scheme in (4], it was found that the overall current reduction

is strongly dependent on the grounding resistance and the length of the line. Thus, no single

value can be provided for the required conductor isolation, although, for standardization

purposes, a single value is preferred. Reference [4] illustrates the required normalized isolation
distae d/a for diffluent combinations of lIe length and rsstance parameters. Values range
from d/a a 4 to d/a - I (i.e., in almost direct contact), depending of the parameters of the
problem. As the Olney site was not the best facility for evaluating this effect (due to its large
shield and few low-rsstance internal current paths), this issue cannot be resolved at this tume.

LAST POLE POTHEAD AMESURG ARRE.STORS GRE.ATEST FACUMI DIMSINION

20
GROUNDED METAL y E

4-*A UNEWFLERS

NEUTRALO•U oi~r•d.

GROUNRG
AREIAITER'rtr mi•r~o•*$moornou z'

SME)TAL HIE.LD OR CONLU PArl.T L

-LOW SrCAC GOUND

Fqigure5-. Recommended power system design pracices for the
primary distribution power Oine configuration.

An issue that deserves additional attention is the requirement that the current collected
by the facility must be reduced by a factor of 10 from that occuring if the lines were directly
connected to the facility xterior. This requirement was based on the fact that under
conditions of a small shield cross-section and a low resistance internal path, the internal
magnetic fields might be large enough to erase plated-wire memories in internal facility
equipment. Before this requirement is codified into a protection standard, additional work
should be undertaken to better define this requirement. In the E3 test conducted at the Oney
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facility, a quasi-dc current of 200 A was directly injected onto the system enclosure and

internal current responses were measured to be only a few amperes [4]. No system upset or

failures were reported. However, as previously mentioned, the Olney facility may have not

been optimai for observing such effects, due to its physical and electrical configuration.

Furthermore, in the Olney test when the current injection electrode was moved from

the system to a point a few meters away and connected to the earth by a long electrode, the

injected current dropped to about 30 A. For this case, no internal responses could be noted.

This marked drop in the injected current level illustrates the effect that the increase in

grounding resistance has on the E3 current, and suggests that real facilities may have an

injected E3 current level that is significantly smaller than a "worst case" current specification.

Of course, this condition is not assured in a real system.

Thus, although a requirement for a grounding isolation has been suggested for MHDM-
EAD mitigation, it is still not clear exactly how strict this requirement should be. It remains an
issue to be resolved. However, if a factor of 10 reduction of the external facility current is
assmed and realistic parameter limits are use, the isolation requirement can be substantially
reduced. The grounding resistance Rf of a typical ground rod (a = 0.25 inches radius, L = 8
feet length) is given approximately in [21] as

Rf = P ln2L)~ (5-1)
27rL a)

where p is the ground resistivity in 0~-m. For p = 100 91-m, Rf = 43 D. For larger values of

the ground resistivity, the resistance Rf has a larger value. Thus, 43 Q~ is near the lower limit

for grounding resistance of a single rod grounding system.

The other parameter of importance in determining the level of induced IMD-EMvP
current is the line length. While residential distribution circuits can be on the order of 50 kmi in
length, residential and industrial circuits longer than 30 kmn are rare. Thus, the E3-induced
currents on these circuits will probably be much smaller than on the longer transmission lines.

For Rf = 43 fl, a line length L = 30 km., and taking into account the reduction in the
MHD-EMP induced current due to the multiply grounded neutral (providing a reduction factor
of about 15 %), the required d/a ratio can be shown to be on the order of two. Since buried
conductors in contact with the soil provide about a factor of ten reduction of IMD-EMI
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induced current over that in above-ground lined, it as only necessary to isolate metal pipes, etc.
from grounded neutrals by the same isolation criterion. Figure 5-2 illustrates a more relaxed

isolation requirement.

The isolation of the distribution neutral and the delta connected primary protect the
facility from the MI-D-EMP. To protect the transformer and underground cable from El,
lightning on the power line, and other surges, and the cable terminators at the last pole must be
provided with surge arresters connected to a low resistance ground such as a multiple ground
rod system. The facility transformer should be protected with MOV surge arresters that do
not remain conducting after E, and E2, so that they are ng during E3 (this should
not be a problem, since the distribution voltage is usually at least a few kV). Figure 5-3 shows
the surge arresters at the transformer terminals

To protect against a fault in the primary winding to ground or to the secondary
winding, fast-acting fuses or other overcurrent protection should be provided for safety and to
prevent the MHD-EMP current from entering the facility on the ground, secondary neutral, or
phase conductor. These are shown inside the transformer in Figure 5-3, but they may be

either inside or outside the transformer.

For a large facility connected to a Is m line, delta/grounded-wye
transformers am normally used in distribution substations nd larse industrial loads. To
prevent gm cly induced currents on the n snisaion line, a radial or loop
configuration with power supplied by one bulk power transformer at a time should be used.
The subtranam'ision line should be configured as a unigrounded system to reduce harmonic
distortion and voltage suppression at the ub-tasmission level. Small facilities may use single
phase power. For single phase service, a delta distribution type arrangement can be employed.
The two phases connected to the primary winding of the facility transformer should be

balanced in a similar manner as that described for a three phase delta system. If an imbalance
condition exists, some E3 currents will flow in primary winding.

For small facilities with power requirements of 500 kVA or less, 100% power line
isolation can be achieved by a rotary power conditionw consisting of a motor, flywheel,
dielectric shaft, and a synchronous generator as shown in Figure 5-4. For a 500 kVA rated
capacity, the installed cost is about $130,000. This approach will provide HEMP protection
and also meet TEMPEST requiement.
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LAST POLE POTHEAD AND
SURGE ARRESTORS GREATEST FACILITY DIMENSION
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5.3 OTHER CONDUCTORS.

The telephone cable, water pipes, and local power and control cables that enter the
facility are potential means of transmitting MHD-EMP currents to the building. All above-
ground intersite conductors should approach the facility from the same side and be electrically
isolated from the facility. A portion of the telephone cable should be replaced by a fiber cable
as shown in Figure 5-5. Plastic water pipes can be used in place of metal pipes and all external
power should be separate from the facility. If metal pipes are used, they should be isolated
from the power system ground as shown in Figure 5-2b. Fiber optic cables should be used for
instrument and control functions such as the gate control, gate telephone, surveillance cameras,
etc. The grounds of external equipment and metal objects should be connected to the
commercial power ground and kept well separated from the facility ground. The
recommended design practices for these conductors are shown in Figure 5-5. These

recommendations may be relaxed after further study.

Communication cables should be also be converted to fiber optic cable to shown in
Figure 5-5. If the communication cable is critical to the facility, the power supply for fiber
optic converter must be protected. The converter must be provided with its own protected
supply, or it must be supplied with protected power from the facility. In the latter case,
precautions must be taken to prevent MHD-EMP (and other components) from entering the
facility on these power leads. Small, single phase isolation transformers with protection
features similar to those in Figure 5-2a may be used to supply power to the converter.

METAL SECURITY FENCE SHOULD NOT

OUTDOOR LIGHTING BE GROUNDED TO FACILITY GROUND.

POWER MOTOR

COMMERCIAL SIL

POWER <•LPOWERED

SGATE CONTROLLED
EARTH7 BSYFIBER CABLE -

TELEPHONE FIBER OPTIC CABLE
CABLE

4 - a •BURIED PIPES
CONVERTER Note: Isotation distance from the utility ground METAL OR PVC

is a, where a is the facility radius.

Figure 5-5. Recommended design practice for non-power line
conductors.
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L4 PROTECTION AGAINST HARMONICS.

To protect facilities from the possible harmfull effects of harmonic distortion on the 60

Hz power resulting from MHD-EMP or severe solar geomagnetic storms causing saturation in
transformers throughout the power system, harmonic filters could be used. However, due to

the large number of possible harmonics ranging from the second to the twelfth harmonic of =
60 Hz power, an effective harmonic filter would be difficult to design and relativel -,-emsive
to construct. A simpler, less costly approach is to isolate the facility from tl h':-auban= by
detecting the harmonics and activating a power transfer switch. This m.'-od of providing
protection againnt harmonics is shown in Figure. 5-6. Commercial harmonic detectors that can
monitor up to the 16th harmonic of the 60 Hz flmdamental fiequency are available at a cost of
about S1200 [20].

Although it has been verified that saturation of power transformers can occur with dc
current injection levels comparable with those predicted for MHD-EMP excitation [4], [21] the
effects of such harmonics on critical loads within facilities remain largely unknown. Harmonics
am known to have caused malflmctions in solid itate devices, motors, disk drives, etc. [22],
[23]. Consequently, harmonic effects on systems remain an open issue.
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Figure 564. Protection against hannonica

65



SECTION 6.
CONCLUSIONS

6.1 SUMMARY.

MHD-EMP is a phenomena similar to that caused by solar storms, except that the
geomagnetic disturbance is much more intense and occurs over a shorter period of time. In
this report, the IMH-EMP environment, various coupling models and the results of several
experimental simulations of this environment are summarized. More detailed information is
available from the original ORNL reports. Results of these studies suggest that NMH-EMP
may affect the commercial power system by causing severe harmonic distortion, voltage
swings, increased reactive power demand, and ultimately, system imbalance necessitating

shutdown.

The effects of harmonics and quasi-dc penetration into facilities that contain motors,
computers, communication systems, and other electronic systems is presently unknown. The
results of one test on a large, heavily shielded facility indicate that quasi-dc currents up to 200
A on the facility exterior appears not to be a problem. Nevertheless, the protection
requirements developed early in this project assumed that this current should be reduced by a
factor of 10. This may be a conservative requirement, and due to the potentially large cost
implications of constructing facilities to meet this requirement, this issue deserves additional
study.

This report also summarizes a number of NMH-EMP protection guidelines for ground-
based facilities. Such facilities can be protected against MHD-EMP effects by isolating long
conductors from the building, using the power distribution transformer as a barrier to E3
power line currents, and addressing the harmonics generated by saturated transformers.
Although many computers and electronic systems seem to be immune to harmonic distortion,
harmonics can cause problems with computer disk drives, motors, viewing screens, and
electronic systems with special tuning circuits. The effects of harmonic distortion of the
commercial power system on critical facilities is not known. If harmonics are a problem, it
appears that the most cost effective method of protecting against harmonics is to detect the
presence of extreme harmonic distortion and switch the facility to auxiliary power.
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6.2 RECOMMENDATIONS FOR MHDI-EMP MITIGATION METHODS.

The protection recommendations in this report are based on the asumption that a

factor of ten reduction of the MHD-E•P induced current at the facility shield is necessary.

This assumption may be overly conservative. Nevertheless, for most installations where (1) the

ound resistivityp 00 -m, and (2) the conductor length L is restricted to be L:9 30 ima,
the recommended mitigation methods are within standard engineering practices. The specific
mitigation recommendations are summarized as follows:

1. The facility transformer should have a three-phase delta winding on the primary (ie., the
utlity) side of the transformer.

2. The power line neutral should be terminated and grounded at the last utility pole before

entering the facility. This last pole should be at least Iadistance a from the facility power
transformer, where a is one half of the longest dimension of the facility (Le., the facility
"radius"). The power line (three conductors for a three-phase system) should be connected
to the facility power transformer by an underground cable in a PVC conduit. The cable
terninators at the power pole should be protected by MOV surge arrestors.

3. If grounded-wye secondary is used for the facility transformer, it should be grounded to
the facility ground. The tra•former case should be grounded in the same manner The
secondary main power cable should eater the facility in a metal conduit which is connected

to the facility shield. The primary of the fail'.ty power should be protected against

lightning and EI-induced transients by MOV arrestors and fuses.

4. Buried conductors such as metal pipes, lines to the security gate, etc., should be restricted

from the last power pole by an isolation zone of radius a or greater.

5. Telephone and other comn munications lines should use a fiber optics cable without metal for

a distance a or greater from the facility.

6. For cases of low etah resistance where p < 100 Q-m, or for very long power distribution

lines where L > 30 ,i., the. more restrictive recommendations of [2] may be required.
Alternatively,, .te-spc•ilic protemion requirmnts can be developed using the coupling
models summarized in tN. report.
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APPENDIX

LIST OF ACRONYMS, ABBREVIATIONS AND SYMBOLS

A amperes
ac alternating current
de direct current
DNA Defense Nuclear Agency
DoD U.S. Department of Defense
DOE Department of Energy
El the early-time HEMP environment
E2  the intermediate-time HEMP environment
E3 the M-D-EMP late-time HEMP
EMP electromagnetic pulse
ESA electric surge arrestor
FEMA Federal Emergency Management Agency
GMD geomagnetic disturbance
H Henry
HEMP high-altitude electromagnetic pulse
Hz hertz
I current
kV kilovolts
kVA kilovolts times amperes
m meter
MHD-EMP magnetohydrodynamic electromagnetic pulse
MOV metal oxide varistor
MRC Mission Research Corp.
ORNL Oak Ridge National Laboratory
POE points of entry
PVC polyvinyl chloride
S siemens (Mhos)
UPS uninterruptable power supply
V volts
VAR volts x amperes reactive (reactive power)
Sohms
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ATTN: SLCHD-NW-CS LOU JASPER JR NAVAL ELECTRONIC ENGINEERING ACTIVITIES PACIFIC
ATTN. SLCHD-NW-E I L PATRICK ATTN:

2 CY ATTN: SLCHD-NW-* R L ATKINSON
ATTN: SLCHD-NW-4P NAVAL OCEAN SYSTEMS CENTER
ATIN: SLCHD-NW44P ATTN" CODE 624 W KOROELA
AM'H: SLCHD-NW.TN
ATTN: SLCHD-NW-TN 0 MEC. NAVAL POSTGRADUATE SCHOOL
ATTW. W PATTERSON ATIN: CODE 1424 LIBRARY

A"TN: X MARUVAMA
0DP CH OF STAFF FOR OPI & PLANS ATTN: PRA)F DONALD L WALTERS

ATTI. DAMO.OOW
NAVAL RESEARCH LABORATORY

NUCLEAR EFFECTS DIVISION ATrTN: CODE 52 RESEARCH RIPORT
ATI•: STEWS-NE J MEASON

DIS.-
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NAVAL SEA SYSTEMS COMMAND OTHER GOVERNMENT
ATTN: J GANN
ATTN: NAVSEA-05R24 FEDERAL EMERGENCY MANAGEMENT AGENCY

ATTN: R GATES
NAVAL SURFACE WARFARE CENTER

ATTN: CODE H23 J PARTAK DEPARTMENT OF DEFENSE CONTRACTORS
ATTN: CODE H25 G BRACKETT
ATTN: CODE R41 ALLIED-SIGNAL, INC
ATTN: CODE 425 ATTN: DOCUMENT CONTROL
ATTN: WO/H25 N STETSON BDM FEDERAL INC

NAVAL SURFACE WARFARE CENTER ATTN: ADV SYSTEM TECH DIV

ATTN: CODE H-21 ATTN: E DORCHAK

NAVAL UNDERWATER SYSTEMS CENTER BDM FEDERAL INC

ATTN: CODE 3431 DAVID S DIXON ATTN: B TORRES
ATTN: L O HOEFT

OFFICE OF CHIEF OF. NAVAL OPERATIONS ATTN: LIBRARY
ATTN: NOP 098 ATTN: R HUTCHINS
ATTN: NOP 551 ATTN: B PLUMMER
ATTN: NOP 941F
ATTN: NUC AFFAIRS & INTL NEGOT BR BELL HELICOPTER TEXTRON, INC
ATTN: N88OE ATTN: HEINZ FABER

DEPA'RTMENT OF THE AIR FORCE BOEING CO
ATTN: D GERMAN

AIR FORCE CTR FOR STUDIES & ANALYSIS ATTN: D EGELKROUT
-`-'ATTN: AFSAA/SAI ATTN: D C'.APMAN

ATTN: F LENNING
AIR FORCE SPACE COMMAND

ATTN: DEES/D C DE MIO BOEING TECHNICAL & MANAGEMENT SVCS, INC
ATTN: ARNOLD D BAKER

AIR FORCE SPACE COMMAND
ATTN: 4 SCS/DW BOOZ ALLEN & HAMILTON INC

ATTN: D VINCENT
AIR UNIVERSITY LIBRARY ATTN: T J ZWOLINSKI

ATTN: AUL-LSE
BOOZ-ALLEN & HAMILTON, INC

BOLLNG AFB ATTN: TECHNICAL LIBRARY
ATTN: LEEEU R FERNANDEZ

COMPUTER SCIENCES CORP
OKLAHOMA CITY AIR LOGISTICS CTRITIES ATTN: A SCHIFF

ATTN: TIESW 1LT A POPOVICH
E-SYSTEMS, INC

SPACE DIVISION/IN ATTN: TECH INFO CTR
ATTN: IND ATTN: W GETSON

DEPARTMENT OF ENERGY EG&G SPECIAL PROJECTS INC
ATTN: J GILES

LAWRENCE LIVERMORE NATIONAL LAB
ATTN: J SEFCIK EG&G WASH ANALYTICAL SVCS CTR, INC
ATTN: S YOUNGER ATTN: D HIGHTOWER

LOS ALAMOS NATIONAL LABORATORY EG&G WASH ANALYTICAL SVCS CTR, INC
ATTN: REPORT LIBRARY ATTN: R BRENT JACOBS

OAK RIDGE NATIONAL LABORATORY ELECTRO-MAGNETIC APPLICATIONS, INC
2 CY ATTN: B MCCONNELL ATTN: TECH LIBRARY
2 CY ATTN: E VANCE
2 CY ATTN: F TESCHE FAIRCHILD SPACE COMPANY
2 CY ATTN: R BARNES ATTN: R CARPENTER

SANDIA NATIONAL LABORATORIES FALCON ASSOCIATES, LTD
ATTN: TECH LIB 3141 ATTN: T NEIGHBORS

U S DEPT OF ENERGY IE-24 GENERAL ELECTRIC COMPANY
ATTN: J BUSSE ATTN: D TASCA

ATTN: J KLISCH

Dist-2
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GENERAL RESEARCH CORP MISSION RESEARCH CORP
ATTN. W NAUMAN ATTN: EMP GROUP

ATTIt J GILBERT
HONEYWELL SYSTEMS A RESEAR~CH CENTER Arf"t N CARRON

AT'N: T CLARKIN ATTI. N CARRON

NT RESEARCH IN1STITUE ATM: TECH 9FO CENTER

ATTIt J STANGEL MISSION RESEARCH CORP

INSTmJTE FOR DEFENSE ANAYSES ATTk: A CNODOROW
ATT:. CLASSIFIED LIBRARY uISO RESEARCH came
ATrft TECH INO SERVFES AT'PD- J UUELL

JAVCOR ATrt J i CURRY

ATTIN: CYALIS P KWLES MITE COPATION
ATTN: E WENAAS ATIN: M FIT"•ERALD
ATIN: M SCHUlLTZ JR

MIlTR ECRPORATION
JAYCOR ATITN: DIRECTOR

ATTN: E PETERSON
PACIFIC-81E1A RESEARCH CORP

KAMAN SCIENCES CORP ATTN: H IHOOE
ATnt C 80 .1

KAMAN SCICES CO ATIN: I L KOFPSIY
ATTk: DASI
ATMIN CONRAD PHYSICS INTERNATIONAL 00

ATlIt C GILMAN
KAMAN MIOCS CORPORATlON ATIN: C STLLINGS

ATTI D0 CLEMOME ATTNt J NI

KAMAN SCIENCES CORPORATION PHYgpNINC
ATTIk DARSAiC A"t J HARPER
ATIlt R JUlTHERICOR

KEARPOTT GlUIDANCE AND NAVIGATION CORP ATITt MARION ROSE
ATTit J0 DRENIMN

RMD CORP
UTTON sysTaw INC ATIN: EMU & APPLEO SCIENCES DEPT

ATIt J SKA008 ATTIt TECH LUIRY

LOC wED MImSILE8 & SPACE CO. INC in T11NGLfE INSTTITrE
ATI": LUM ATTN: MSIMONS
ATTft TECH INPO ,7

ROCK1lu INTERNTIONA COW
LOOE SIA0ER. Be ATTft JCERE

ATr1•: aRE CAGR ATTN: P SELL

LOOICON R A 0 ASSOCIATES ROOCKWELL WIENv ATIONAL COW
ATTft DOCUIENT CONTROL ATTNk P BELL
ATift 0 K SCHLEGEL

LONDON R & 0 ASSOCIATES ATTlt J KNKIHTEN
ATTN: I CUNU ATt LLOY ODUNCAN

L DON A & 0SOCATES AAI"t R W STEWART
ATTNI'N J PCASTILLO CIIAM T E ASSOCIATES INC

ATIft W 8 KEN4ER ATTIt AM SMITH

LTV AR0OSPACl & DEFENSE COMPANY CIENCI APPIJCATION PM. COPP
2CY ATTM: LUIRARY EMO. ATIt: J REThLER

MCDONd8EL DOU(LA8 CORP SCIENCE APPLICTIONS INTL CORP
ATTN: J W UCCOVACK ATTN. J ERLER

MIETATIECH COPqP AATW. W ADAMSMETATMH CJOW ATTN* W CHAOSEY
ATi: C JONESl ATTN. W LAYSON

DiN-3
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SCIENCE APPLICATIONS INTL CORP TRW INC
ATTN: T NEIGHBORS ATTN: LIBRARIAN

SOL TELECOMMUNICATIONS SERVICES UNISYS CORPORATION-DEFENSE SYSTEMS
ATTN: S CLARK ATTN: TECHNICAL LIBRARY

SRI INTERNATIONAL UNITED TECHNOLOGIES CORP
ATTN: E VANCE ATTN: RD TOTTON
ATTN: W GRAF

WESTINGHOUSE ELECTRIC CORP
TELEDYNE BROWN ENG;NEERING ATTN: D CARRERA

ATTN: LEWIS T SMITH ATTN: S LAKHAVANI
ATTN: RONALD E LEWIS

FOREIGN
TRW

ATTN: M J TAYLOR DEFENCE RESEARCH ESTABLISHMENT OTTAWA
ATTN: S KASHYAP
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